The erosion failure mechanism of concrete is studied systematically based on field investigation and laboratory experiments of concrete samples from more than 30 km concrete lining and 10 hydraulic structures of Shandong Jiaodong water diversion project, in which the concrete failed only 3-6 month after construction was completed. With electron microscopy scanning, energy dispersive analysis, XRD (X-ray diffraction) analysis and Raman spectrum analysis of the mineral composition of the failure concrete and precipitates, chemical and physical reactions that occurred in the concrete under engineering environment were investigated. The analysis indicated that the rapid corrosion and dissolution reaction of the concrete in weak sulfate environment is due to sulfate and carbonate corrosion with the catalytic magnesium salt at low temperature. Also, corrosion damage facilitates the sulfate ions and carbonate ions into the concrete, and the expansion of ettringite and TSA (thaumasite sulfate attack) reaction also accelerates the corrosion damage of the concrete.
Introduction


Concrete material is likely to subject to sulfate attack where there is high concentration of sulfate in soil or groundwater. In eastern China, sulfate concentrations in soil and water are generally low so the likelihood of sulfate attack is often neglected in the engineering design of the concrete. However, massive concrete failure has been observed in some of projects in eastern China including concrete linings of a Dezhou reservoir of the North Water Transfer Project in 2006, where a large scale corrosion damage of the concrete lining occurred only after one years of operation and a major part of the concrete linings lost strength completely. In 2008, the concrete channels and hydraulic structures of nearly 100 kilometers of Shandong Jiaodong Water Diversion Project failed only 3-6 months after the construction completed.
In 1965, Erlin and Stark first reported the thaumasite sulfate attack [1] (referred to as TSA), of cement-based materials. The crystallization product of this type of erosion is thaumasite. Cement-based materials can be easily eroded under sulfate, carbonate, low temperature and humidity and change the CSH (calcium silicate hydrate) in concrete into a gray paste with low cohesion and therefore reduce concrete strength significantly. The TSA damage is even more serious than conventional sulfate erosion. A lot of research [2] [3] [4] [5] [6] has been done for the sulfate corrosion of the concrete. However, previous research cannot explain the serious concrete damage occurred in the environment of low concentration of sulfate. Concrete samples from the Jiaodong Water Diversion Project in Shandong Province are investigated through microscopic analysis of random sampling and a variety of spectral analysis, the concrete erosion failure mechanism was studied for the thaumasite sulfate attack in weak sulfate environment in Jiaodong Water Diversion Project.
The Jiaodong water diversion project in Shandong Province is an important part of North Water Transfer Project. The location of the project is shown in Fig. 1 .
The total water delivery path of the project is 482 kilometers, including a total of nine pumping stations, three tunnels, six large aqueducts, 417 sluices, inverted siphon, bridges and other buildings, the design was to transfer 143 million cubic meters of water per year.
Jiaodong Water Diversion Project used hexagonal precast concrete panels and cast-in-place concrete slabs. After a winter following the construction was completed, serious corrosion and cracking, peeling, even lost strength of the concrete structure was observed. Typical site conditions are shown in Fig. 2 . Fig. 2a is the base of sluice piers with severe corrosion, Fig. 2b is the cast-in-place concrete slabs with a large amount of white precipitate, Figs. 2c and 2d are precast concrete linings with thickness of 6.0 cm and design strength of C30. Severe cracks were found where there is no groundwater (Fig. 2c) , precast panels immerged in the ground water have been future destroyed to powder forms (Fig. 2d) . Fig. 2e is the condition of lining one year after the construction, part of the concrete has completely lost the strength, Fig.   2f : sampling in the construction site five month after construction, collecting white precipitate in the aqueducts. During the winder after the construction was completed, according to meteorological data, freeze thaw cycle is about 7-10 times. It is very rare for hydraulic concrete to have such serious damage in a short period of time in weak sulfate environment.
Site Condition
Sixteen water samples and four soil samples were obtained from eight construction sections over 30 km distance of the project. Water samples were tested in accordance with the Drinking Water Standard Detection Method (GB8570-85), and Water Quality Analysis Methods Standards Assembly (SL/T183-2005), test data of the are shown in Table 1 . Soil samples were tested in accordance with the Cement Chemical Analysis (GB/T176-1996) and the test data were shown in Table 2 . From the test results, it can be seen that the majority of project is weak corrosive environment, the rest of the project site is moderately corrosive environment. According to the China Academy of Building Research and their collected experimental data [7] over four decades, in such environment, the durability of concrete should be very high, up to 100 years. Jiaodong Water Division 
Cement Based Micro-Phase Analysis
Sample Preparation
Eighteen samples were prepared, five of which were obtained from the concrete slab that was intact. Thirteen samples were obtained from failure concrete. The samples were immersed in anhydrous ethanol for seven days and surfaced with conductive metal film without polishing.
Test Results
Electron Microscopy and Spectroscopy Analysis of Precast Uncorroded Concrete Slab
Oxford Instruments, type DXP50 scanning electron microscope was used for the electron microscopy and spectroscopy analysis. The results of one sample are shown in Fig. 3 . The results show high content of CaO, which means that excessive limestone filler may have been added. The concrete composition is shown in Table 3 . Samples  Fig. 4 is the electron microscopy of the concrete samples taken 45 days after construction was completed. No obvious signs of erosion but only a few visible pores and cracks were observed. Some white precipitates around the pores and cracks were recognized as calcium carbonate, thaumasite and ettringite. This stage is an incubation period of carbonate and sulfate attack of concrete. Fig. 5 is electron micrograph of the concrete sample taken 100 days after construction, the sample contains a large number of cracks, which are wider than the cracks observed in Fig. 4 . Cracks with white wollastonite started to appear in parallel to the concrete surface, CaCO 3 precipitated in some of the cracks, ettringite can be seen with slender wollastonite. These phenomena indicated sulfate attack of concrete has already taken place. This stage is the expansion of cracks of carbonate and sulfate attack. Fig. 6 is the electron microscope of the power destroyed concrete 200 days after construction. There is no hydration products exist. Cement body has completely transformed into soft, white paste with no cohesion.
Electron Microscopy Analysis of the Eroded
Erosion morphologies showed a large number of parallel arrangement of needle-like crystals, mostly in the 0.5-1 um in diameter, 3-4 um in length, thaumasite crystals are slender than calcium ettringite and are very similar to the morphology of the thaumasite described in Ref. [1] . This stage is the softening and disintegration of carbonate and sulfate attack.
XRD Analysis of the White Precipitates
White precipitate from the powder form failure concrete in the channel was tested with X-ray diffractometer. The analysis showed that the white precipitate did not contain any cement hydration products, and the cement hydration productions have been completely broken down. Precipitates consist of ettringite, thaumasite, sulfate and carbonate erosion products at lower temperatures (Fig. 7) .
Raman Spectroscopy Analysis
Since XRD characteristics of ettringite and thaumasite are very close, it is difficult to distinguish them by XRD analysis. In order to further analyze the composition of the white precipitate, Raman spectra analysis was performed, as shown in Fig. 8 . According to [7] study, Raman spectrum of the ettringite has two strong peaks at 988 cm and 1,083 cm, three weak peaks at 449 cm, 548 cm, and 617 cm, Raman spectra of the thaumasite has three strong peaks at 658 cm, 990 cm and 1,076 cm, three weak peak at 417 cm, 453 cm and 479 cm, The strong peak of thaumasite at 990 cm and 1,076 cm are very close to that of ettringite at 988 cm and 1.083 cm. However, the Si and hydroxy formed a [Si(OH) 6 ] 2-octahedral groups, which has a Raman peak at around 658 cm, this combination is very stable, thus in Fig. 8 the Raman spectrum of the 658 cm-peaks once again confirmed that the concrete eroded products have a large number of thaumasite crystals. The eroded products consist of impurities of quartz, ettringite (3CaO·A1 2 O 3 ·3CaSO 4 ·32H 2 O), thaumasite (Ca 3 SiSO 4 CO 3 (OH) 6 ·12H 2 O), CaCO 3 , and a small amount of gypsum and calcite. Therefore, it can be concluded that the concrete completely lost its strength by the combination of sulfate erosion and carbonate erosion.
Discussion
Through the above analysis of the concrete samples of the Jiaodong water diversion project, failure of concrete is mainly due to sulfate erosion and carbonate erosion. However, according to previous research results, these erosions would not cause the concrete to completely destruction in such a short period of time in weak sulfate environment. There must be other reasons that lead to the rapid concrete erosion failure.
The Failure Mechanism
In environments containing sulfate, SO 2 The calcium hydroxide from above reaction will react with CO 2 dissolved in water and form more CaCO 3 . The cement in concrete structures gradually be broken down, and ultimately formed a erosion product of thaumasite, ettringite, and calcite as well as the SiO 2 ·NH 2 O and Al(OH) 3 , etc., and finally converted concrete to a no strength, tofu-like sediment mixtures.
The Jiaodong water diversion project was constructed under lower temperature of about -4ºC to 12ºC and relative humidity above 95%, with the water carbonate and CO 2 in the air, have created favorable conditions for TSA erosion damage. Additionally, many cement factories add limestone filler to their products, which has provided the carbonate that accelerates the TSA erosion.
Sulfate and Carbonate Erosion in Neutral PH Value Environment
Sulfate and carbonate erosion generally occur in the environment of pH > 10.5, the reason why the erosion happens in the Jiaodong water diversion where environment pH value is neutral is the magnesium salt provide by the surrounding soil, water environment and cement-based materials. From Tables 1 and 2 , it can be seen that the surrounding soil and water environment has a certain amount of magnesium, although the content is very small. Magnesium salt erosion can occur in neutral pH value, the erosion media is sulfate ions and magnesium ions that destroy CSH phase. MgSO 4 Because of the formation of gypsum from above reaction, the aforementioned sulfate erosion and carbonate erosion is accelerated. Magnesium, therefore, is act as the guidance and catalyst of carbon sulphuric acid erosion.
Other Reasons
Water in channels, plus the seepage from the surrounding soil, increased the dissolution and facilitate sulfate and carbonate ions into the concrete. Also, the sulfate from the surrounding soil makes the sulfate and carbonate erosion persists.
Conclusions
From the analysis presented above, the following conclusions are made:
(1) TSA is a special kind of sulfate erosion, the damage of which to the concrete is more serious than conventional sulfate erosion; (2) In the neutral environment of the pH value 7-8, the presence of magnesium sulfate accelerates the sulfate and carbonate erosion. The magnesium is the catalysts of the sulfate and carbonate erosion in neutral pH environment; (3) Ample moisture and dissolution accelerate above erosions. Seepage or water flow also increases the erosion; (4) Free CaO in the concrete or excessive incorporation of limestone "filler" in the cement production also caused the rapid sulfate and carbonate erosion of concrete, cement products need to limit the content of CaO.
